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Highlights

¢ This section includes nuclear and nonnuclear weapons effects since nuclear effects must be considered in
future conflicts.

* Because nuclear effects are included, the critical technical parameters, materials, and technical issues are
usually determined by the nuclear requirements.

*  Weapons effects technologies include predictions using validated computer codes and experiments and
physical simulators that mimic the environments produced by the various effects. Weapons effects technol-
ogy is used to evaluate the vulnerabilities of potential targets and delivery systems.

¢ Each type of weapon effect (shock waves, hard target penetration, thermal radiation, ionizing radiation, and
electromagnetic effects) requires its own set of physical simulators and predictions from validated computer
codes. Few simulators are able to replicate more than one weapon effect.

¢ Physical simulators and validated codes require large financial investments.

OVERVIEW

This section addresses six technologies that are used to evaluate the survivability and hardening (S&H) of mili-
tary systems against the effects of nuclear and nonnuclear weapons. These six areas' were selected to include
nuclear and nonnuclear considerations efficiently. The end of the Cold War has caused an overall dramatic reduction
in the development of new technologies that are unique to nuclear weapons. In recent years, the emphasis on nuclear
weapon effects on systems has diminished in comparison with the emphasis on the effects of high-energy lasers
(HELSs), charged particle beams (CPBs), neutral particle beams (NPBs), high-power microwaves (HPMs), and hard
target penetrating weapons (PWs).

In contrast to nuclear-unique weapons effects, where emerging technologies receive only limited support,
strong research activities continue in those areas where the overlap between nuclear and nonnuclear technology is
significant. A prime example is the electromagnetic effects on systems. Hard target penetration is an area that over-
laps modestly with nuclear weapons effects and in which the level of research and development (R&D) is solid.

Shock waves, hard target penetration, thermal radiation, ionizing radiation, electromagnetic effects, and underground
weapons effects simulation.
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SECTION 20.1—-SHOCK WAVES

Highlights

¢ Blast and shock effects produced by low-altitude nuclear weapons that have yields below about 1 Mt are the
primary damage-producing mechanisms for cities and other nonmilitary hardened structures. Considerable
overlap exists between the dynamic pressure regime of nuclear-produced blast waves and those of air drag
produced by strong hurricanes.

*  Nuclear airblasts have a longer time duration and a larger overpressure than conventional chemical
explosions. Their effects on systems can be simulated with chemical explosions using scaling theory.

*  Ground shock produced by nuclear detonations is often the only effective mechanism for destroying
underground bunkers and deeply buried missile silos.

¢ The three types of ground shock are airblast-induced ground shock, direct-induced ground shock, and crater-
related ground motion.

¢ Underwater shock is similar to an airblast in theoretical respects. Experiments using scaling theory are often
effective in simulating the effects of underwater shock on surface and submerged vessels.

¢ Endoatmospheric nuclear detonations can adversely affect low-altitude airborne systems by airblast,
thermal radiation, and lofted dust and debris.

e X-rays produced by exoatmospheric nuclear detonations can adversely affect space platforms via thermo-
mechanical shock (TMS).

OVERVIEW

This section addresses blast and shock effects to military systems produced by nuclear and nonnuclear detona-
tions. It covers airblast, ground shock, underwater shock, and aerospace structure shock. Determining the blast and
shock effects on military systems requires determining the environment and the hardness of the structures against
the blast and shock waves. Simulating the effects of these blast and shock on structures is critical for assessing the
structures’ survivability.

Although nuclear-augmented blast and shock waves are capable of producing overpressures and stresses well
beyond those that can be achieved with conventional explosives, the technology for hardening structures against
nuclear blast and shocks effects is essentially the same as that for the nonnuclear case. Application of established
principles appears to suffice in both cases. For this reason, our discussions emphasize the nuclear effects, since this
is the most stressing case from a technology viewpoint.

Airblast is discussed first since this is perhaps the phenomenon with which we are most familiar. This is
followed by a discussion of ground shock. The effects of an underwater detonation, whether conducted in a deep or
a shallow situation, have features that are similar to airblast and ground shock, and these effects are discussed next.
The last topic is the survivability of aerospace structures. In space, the effects are caused exclusively by the nuclear
case(s): dust generated on aerospace systems by low-altitude nuclear detonations and X-ray-induced TMS generated
on space platforms by high-altitude nuclear detonations.

BACKGROUND

Airblast

As pictures of Hiroshima, Nagasaki, and the test structures erected at the Nevada Test Site in the 1950s amply
demonstrate, the blast and shock waves produced by nuclear explosions are the principal means for destroying soft
targets. In the absence of atmospheric and underground nuclear testing to determine the survivability of structures,
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we must find the means to simulate the phenomena associated with a nuclear explosion. For airblast, this can be
done either in a large-scale, open-air test employing chemical explosives or in a specially designed test facility that
can also produce thermal fluxes comparable to those from a nuclear weapon.

More recently, U.S. attention has focused on pressure regimes that are higher than those that can be attained in
open-air testing and on testing techniques that use large simulators capable of reproducing simultaneously the blast
and the thermal pulse from a nuclear detonation. These simulators typically employ a fuel-oxygen mixture (e.g.,
liquid oxygen and finely powdered aluminum) and consist of long semicircular tubes. These simulators can even
approximate the effects of soil type on blast-wave propagation and the entraining of dust in the blast wave.

The actual combination of the overpressure, dynamic pressure, lift, and diffraction effects on a target is
exceedingly difficult to model analytically or to simulate numerically, particularly without actual data. In the pres-
sure regime characteristic of nuclear weapons, military interest in the effects of dynamic loading on systems centers
on the survivability of tracked and wheeled vehicles, towed vehicles, command, control, and communications (C3)
shelters, and so forth. Civilian interest is in the survivability of similar systems and structures subjected to storm
winds. The two are not completely distinct interests because the dynamic pressure from strong hurricanes can be
comparable to that from nuclear blasts.

Military interest also focuses on shock loading, a dynamic process that differs from the nearly steady-state
effects of storm winds. As a rule of thumb, a 30-kPa pressure threshold corresponding to a 60 m/sec particle velocity
in the shock or a drag force equivalent to that produced by about 210 km/hr (130 mph) steady winds distinguishes
the military and civilian applications. A frequently used design objective for civil structures is survivability in
190 km/hr (120 mph) winds.

Ground Shock

Predicting the ground shock/motion (including cratering) produced by a nuclear weapon detonation is essential
for determining the survivability and hardness of surface-flush structures, shallow-buried structures (foundation
<30 m deep/cut-and-cover construction), and deeply buried structures (constructed using tunneling methods).
Ground shock from a low-altitude, surface, or underground burst may be the only way to destroy hardened under-
ground structures such as command facilities or missile silos.

Surface-flush structures are typically missile silos, while shallow-buried structures are typically used for C3,
personnel protection, and missile launch control. The environments of primary interest for each are consistent with
peak overpressures from approximately 1 MPa to an upper limit of perhaps 1 GPa. For deeply buried structures,
interests are from about 25 MPa to the nuclear weapon source. Structural response interest ranges from peak stresses
of 25 to 500 MPa.

Ground shock has three dominant components: airblast-induced ground shock, direct-induced ground shock,
and crater-related ground motion. Airblast-induced ground shock is caused by the airblast interaction with the
ground. Direct-induced ground shock and crater-related ground motion are caused by the direct interaction of
weapon debris and thermal radiation with the ground and are viewed as components of the source-induced ground
shock. Figure 20.1-1 shows the ground shock created by all three components for a burst that occurs just above the
earth’s surface. Surface waves also develop at the free-surface boundary between the air and ground; however, this
discussion does not include these waves, which are relatively low in amplitude and not generally important.
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Figure 20.1-1. Three Components of Ground Shock (Source: Reference 1)
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Many of the essential physical features of the extremely high pressures and temperatures of nuclear-generated
ground shock have some commonality with nonnuclear considerations. This latter category includes hypervelocity
impact effects produced by kinetic energy weapons (KEWs), such as the development of craters and mass ejection
from the target. Moreover, many of the truly advanced computational techniques for calculating the transient
behavior of materials at high temperatures and pressures apply in both cases.

Underwater Shock

An underwater nuclear explosion releases large amounts of thermal energy and nuclear radiation that are
absorbed within a few feet of the explosion. This intense energy deposition creates a hot gas bubble, which is
formed by the vaporization of the water and expands rapidly. A shock wave similar to that created by a nuclear
explosion in air is formed. Because the shock-wave generation is similar in both cases, scaling relationships, which
play a large role in understanding and simulating an airburst, are also relevant for simulating underwater explosions.

Before the introduction of nuclear weapons into the military arsenal, interest in underwater explosions focused
on bombs, depth charges, and torpedo warheads. Some excellent scientific papers and reports address the theory and
simulation of nonnuclear underwater explosions.

Besides the physical damage to the vessels and aircraft, the radioactive fallout generated by the water spray
threatens life. Winds can carry this fallout great distances from the burst. Blueout is another effect of military
interest. This condition arises when the intensity of the primary shock wave falls to levels where it becomes an
ordinary acoustic wave disturbance. The wave bounces back and forth between reflecting surfaces (e.g., the ocean
floor and water surface) and is said to reverberate. When this occurs, the coherence of the initial wave front is lost,
and the energy of the wave becomes part of the background noise.

Figure 20.1-2 is an overview of the effects produced by an underwater explosion. As observed, several
different effects can adversely affect military systems.
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Figure 20.1-2. Overview of Effects Produced by an Underwater Nuclear Detonation (Source: Reference 2)

Aerospace Structure Shock

The technologies in this area are concerned with improving the survivability of aircraft and helicopters
(including crew), reentry bodies, and space platforms against a variety of different effects caused by nuclear-
generated shock waves. The nonnuclear domain appears to have no counterparts to this set of technologies.

Two categories of nuclear-produced shock waves are of interest. The first category is concerned with the three
effects caused by a low-altitude nuclear detonation (an endoatmospheric burst): airblast, thermal radiation, and dust/
pebbles generated at the ground and lofted to higher altitudes. Airblast can affect the motion of an airborne platform
and can cause structural damage. Thermal radiation can weaken the structure and damage optical sensors and
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detectors. Airblast below about 50 kPa, in conjunction with the thermal environment (especially for tactical yield
nuclear explosions), is of primary importance. Dust and pebbles are important during intercontinental ballistic
missile ICBM) fly-out. Dust can be important to reentry vehicle (RV) survival in the target area and also to aircraft
engine performance and windshields.

The second category is concerned with the effects caused by a high-altitude nuclear detonation (an exoatmos-
pheric burst). These effects are vastly different from those of a low-altitude nuclear detonation. A high-altitude
nuclear detonation produces a copious source of X-rays. These X-rays travel from the location of the detonation to
the space platform and strike its surface, where they are absorbed in a thin layer. The impulse created by this effect
generates a shock wave that travels through the space platform. This is called TMS, or thermomechanical shock, and
it can produce physical damage to the platform.

Issues regarding the survivability of military systems against endoatmospheric nuclear detonations include the
avoidance of nuclear-generated dust clouds, transport of dust clouds, and characterization of dust clouds; fratricide
and engine damage effects on aircraft; and the determination of dust lofting by the airblast.

Figure 20.1-3 shows the generation of a nuclear dust cloud. This cloud consists of the dust lofted in the
characteristic mushroom formation, caused by the direct interaction of the airblast with the ground and of the dust
swept up off the ground surface by the airblast. Both components of dust are transported downwind by the ambient
atmospheric winds.
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Figure 20.1-3. Generation of Nuclear Dust Cloud

CITED REFERENCES

1. “Ground Shock From Nuclear Weapons,” Brochure published by Defense Nuclear Agency, September 1991.
2. “Underwater Nuclear Explosions,” Brochure published by Defense Nuclear Agency, December 1992.
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DATA SHEET 20.1. AIRBLAST PREDICTION

Developing Critical Theoretical models and related computer programs that compute the blast-wave
Technology Parameter environment from a nuclear detonation or a physical simulation of a nuclear detonation.
The pressure range of interest is = 30 kPa. The models should be capable of
accommodating nuclear yields from the kiloton to the megaton range and in altitudes up
to 40 km.

Critical Materials None identified.

Unique Test, Production, | None identified.
Inspection Equipment

Unique Software Computer codes and related mathematical algorithms that have been compared with
nuclear detonations or simulations of a nuclear detonation including input parameters,
such as equation of state (EOS) and material properties. Of particular interest are those
that have been specially designed to predict the airblast over real ground (not ideal
surfaces), including such features as dust, snow, rain, hills, valleys, vegetation, and so
forth.

These models should also be capable of heating the ground by thermal radiation gen-
erated by low-altitude nuclear detonations, an effect that leads to the generation of a
precursor shock wave.

Major Commercial Explosions in the air.

Applications

Affordability In most cases, open literature models and computer codes are available.
BACKGROUND

The earliest practical theory of the generation of blast waves in air is attributed to the early work of G.I. Taylor.
Although his work was initiated for conventional explosives, the theory readily applies to nuclear detonations.
L.I. Sedov made a major improvement to Taylor’s theory by introducing the application of dimensional analysis. In
the United States, M.L. Brode has made significant contributions to nuclear blast-wave theory, particularly in the
area of interpreting experimental data to theoretical models.

We have a very good understanding of free airblast wave theory and blast waves over an ideal ground. The
theory of an airblast over a nonideal ground requires further research. Several factors can make a ground surface
nonideal (e.g., surfaces that are hilly, surfaces that can absorb the heat generated by the fireball, and surfaces that are
capable of generating dust). Blast-wave effects are more pronounced on the slopes facing the detonation because of
reflection and are diminished on the opposite sides because of rarefactions.

Thermal radiation absorbed into the earth’s surface can raise the temperature in the top layer of the earth and
the temperature of the air just above it. This heated air is called a “thermal layer” and typically contains dust, smoke,
and particulate matter. The shock velocity is higher in the thermal layer and, as a result, forms a “precursor” shock
front that travels faster than the main blast wave associated with the Mach Stem.

The dust lofting and increased dynamic pressure associated with the precursor enhance the potential damaging
effects of this type of shock wave. Predicting precursor characteristics is difficult because of the complex inter-
actions of the ground and lofted dust. Meaningful predictions require sophisticated computer models.

Since shock waves traveling in a porous medium have lower velocities than those traveling in a nonporous
medium, airblasts over porous mediums lead to the generation of a “decursor” shock wave. This case is opposite that
of the precursor case since the shock front in the air arrives before the one propagating along the earth’s surface.
Although the theoretical formulation of the decursor problem is formidable, publications in this area based on first
principles should not be controlled.
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DATA SHEET 20.1. AIRBLAST SIMULATOR

Developing Critical Overpressure and/or dynamic pressure levels exceeding 3 kPa, dust generated by
Technology Parameter nuclear burst with scaled HOB below 250m/(KT)", and all high-yield bursts at higher
HOB for high-humidity layers below 3,000 m above sea level.

Critical Materials Dilute explosives mixed with inert materials (such as dilute explosive tiles) can produce
a more uniform detonation that more closely resembles a nuclear detonation. Using
these dilute explosives gets rid of unwanted local intense high-pressure regions formed
by the interaction of discrete shock waves generated by lumped explosives. These
dilute explosives also enable the testing of structures down to 15,000 psi, which covers
a wide variety of military objects.

Unique Test, Production, | Miniaturized gauges that can measure pressure and structural response; shock tubes

Inspection Equipment or other devices that can simulate the nonideal nuclear airblast environment.

Unique Software Substantiated computer codes and algorithms that predict the pressure waveform gen-
erated by a nuclear airblast and that can be used for designing the simulator and for
calibration.

Major Commercial None identified.

Applications

Affordability Expensive.

BACKGROUND

Because the calculation of shock effects generated by a nuclear weapon is extremely difficult to model, we
must develop a more accurate quantitative basis using simulation techniques. The use of high explosives to simulate
nuclear effects is based, in part, on scaling theory and the fact that certain explosives can simulate the peak over-
pressure and temporal variation of pressure over useful ranges.
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DATA SHEET 20.1. THERMAL/BLAST SIMULATOR

Developing Critical 3,000-K-equivalent blackbody radiation sources, pulse-length 0—10 sec, surface emit-
Ul e tance > 8 cal/cm?-sec, that can test subsystems and systems against combined thermal
and blast effects of a low-altitude nuclear detonation.

Critical Materials Liquid oxygen; powdered aluminum (micron range).

Unique Test, Production, | Instrumentation for measuring the response of systems and materials for flux levels
Inspection Equipment > 8 callcm®-sec; cameras with spectral resolution < 0.25 nm, sampling rate > 120/sec,
and 10-bit resolution.

Unique Software Substantiated computer codes and algorithms that can interpret and extrapolate the
results from simulation to real systems and include the response of materials at
elevated temperature and temperature gradients in the presence of shock waves.

Major Commercial None identified.

Applications

Affordability Very expensive.
BACKGROUND

Despite the significant technical achievements of the high-explosive program, these simulators do not have the
size or capability for full-scale, high-yield survivability testing. To meet this requirement, the Large Blast/Thermo
Simulator (LB/TS) was developed. Figure 20.1-4 is an illustration of the LB/TS.
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“Driver tubes are staggered in length--longest is 95M
Figure 20.1-4. lllustration of the LB/TS (Source: Reference 1)
Note for Figure 20.1-4: All dimensions are approximate.

The LB/TS is capable of simulating nuclear blast and thermal effects on full-scale tactical systems, mostly for
Army applications. The LB/TS can generate simulated yields of 600 kt, which are required for survivability testing.
When contrasted with the upper limit of 16 kt for high-explosive simulation techniques, this capability is a
tremendous improvement. Figure 20.1-5 compares the blast capabilities of the LB/TS with the Army’s tactical
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Figure 20.1-5. Blast Capabilities vs. Requirements for the LB/TS (Source: Reference 1)

system requirements and with the Hardened Missile Launch (HML) requirements. Also shown for comparison are

the capabilities of high-explosive simulation. The LB/TS is the state-of-the-art technology for nuclear thermal and
blast simulation.

CITED REFERENCE

1. “Large Blast/Thermal Simulator (LB/TS),” Brochure published by the Defense Nuclear Agency, July 1989.
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DATA SHEET 20.1. RIGID BODY DISPLACEMENT

Developing Critical Techniques for eliminating or reducing the rigid-body displacement, translation, and
Technology Parameter overturn of land-mobile vehicles when subjected to airblasts = 30 kPa without adverse
effect on vehicle weight, mobility, dash responsiveness, or signature.

Critical Materials None identified.

Unique Test, Production, | None identified.
Inspection Equipment

Unique Software Mathematical models and computer algorithms that can predict the torques on mobile
vehicles caused by blast waves and ways to mitigate against these unbalancing forces.
Of particular interest are those models and algorithms that have been validated against
airblast simulations.

Major Commercial Commercial vehicles in presence of strong wind.
Applications
Affordability Inexpensive.

BACKGROUND

The military interest is in methods to increase the survivability of land-mobile systems that are subjected
nuclear airblast. These systems include tracked and wheeled vehicles, towed vehicles, C3 shelters, mobile radar,
mobile missiles, and so forth. The civilian interest is in the survivability of mobile and movable systems under storm
wind conditions. These include trucks, automobiles, and mobile homes that are quasi-permanently sited in trailer
camps. Military and civilian interests cannot be totally separated because, in certain cases, dynamic pressure from
strong hurricanes may be comparable to that of nuclear blast effects. While the military applications requirement for
no adverse effects on dash responsiveness and vehicle signature is of no interest in civilian applications, the weight
and mobility requirements are significant to civil vehicles.

None of these requirements are germane to sited mobile homes. Military interest is primarily in blast-wave
survivability, for which the shock loading differs significantly from that of storm winds, which are essentially steady
state. However, since the element of drag loading is common to both, methods to improve survivability will also
have common elements in both applications. The separation is made by setting the 30-kPa threshold, which corre-
sponds to a particle velocity of about 60 m/sec in the shock front or a drag-force equivalent to about 130 mph for
steady-state winds. With the large number of residents in mobile homes particularly at risk by displacement, transla-
tion, or overturn, a frequently used design objective for civil structures is survival in hurricane force winds of
120 mph. Survivability above the 30-kPa threshold is unique to military systems.
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DATA SHEET 20.1. SYSTEM SURVIVABILITY AGAINST AIRBLAST

Developing Critical Methods for improving the survivability of aboveground fixed or land-mobile military
Technology Parameter systems, components, and materials (MSCM) against nuclear airblast (including
thermal and dust effects) that are based on materials and data derived from tests.

Critical Materials None identified.

Unique Test, Production, | None identified.
Inspection Equipment

Unique Software Computer codes and mathematical algorithms that have been compared with nuclear
detonations or simulations of a nuclear detonation for predicting the survivability of land-
based assets. The models should include the following: EOS and material properties,
mathematical relationships that have been specially designed to predict loads and/or
responses of aboveground fixed or land-mobile systems, equipment, subassemblies,
and other components. Of particular interest are those codes and algorithms that have
been validated against computer-simulated or experimentally simulated nuclear
environments for ground surface conditions/materials and terrain effects.

Major Commercial Buildings and certain mobile assets.

Applications

Affordability Relatively inexpensive.
BACKGROUND

Because objects close to the nuclear blast most certainly will be destroyed, interest in blast-wave survivability
is often concerned with hardening structures in the areas where structural reinforcement is feasible. With the
exception of specific, specially hardened high-priority facilities, hardening is considered for those structures that
exist at ranges well beyond the format of the Mach Stem. The dust lofting and increased dynamic pressure
associated with the precursor enhance the potential damaging effects of this type of shock wave. Predicting
precursor characteristics is difficult because of the complex interactions of the ground and lofted dust. Meaningful
predictions require sophisticated computer models.

Airblast can also produce significant damage through the entrainment of particulates, which can produce
erosion of critical components and materials. Test data are primarily for velocities above the 120-mph upper limit of
potential civil interest. Even below this velocity, civil systems are generally not considered for dust-erosion
protection. The only exception is the ingestion of static high-altitude dust by in-flight aircraft following a volcanic
eruption. However, these evaluations are not carried out in tests in which the dust is levitated by an airblast, and the
process of airblast dust levitation is unrelated to volcanic sources and distribution.

Thermal radiation from nuclear weapons is characterized by high thermal-energy density. When thermal
radiation acts on a structure in conjunction with the airblast, the structures chance for survivability is decreased.
Thus, data from simulations that replicate these combined effects are important for evaluating survivability.

Survival of military systems to nuclear ground shock is evaluated in tests in which significant effort is made to
replicate nuclear ground-shock waveforms. Civil interest in ground shock is primarily limited to earthquake damage.
Nuclear test data generally are not applicable because the wave shapes and time scales are significantly different and
because the military structures of interest are located underground (missile silos, command posts). Earthquake
damage is concerned with aboveground structures.
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DATA SHEET 20.1. SHOCK-WAVE INSTRUMENTATION

Developing Critical
Technology Parameter

Measure selective temporal features of nuclear-generated shock waves to an accuracy
of < 0.1 ms. Examples include risetime, decay time, and duration of overpressure.
Overpressure should be measured to < 0.1 atmospheres at standard temperature and
pressure (STP).

Critical Materials

None identified.

Unique Test, Production,
Inspection Equipment

None identified.

Unique Software

None identified.

Major Commercial
Applications

Commercial uses of explosives.

Affordability

Modest.

BACKGROUND

Lowe-altitude nuclear detonations produce shock waves that have unique risetimes, overpressures, decay times
and undershoots related to the weapon yield and height of burst (HOB). Figure 20.1-6 shows the typical pressure
waveform produced by a nuclear weapon. To harden structures adequately to nuclear pressure waveforms, the
characteristics of the shock wave have to be defined accurately. This consideration becomes especially important
when predictions for the nuclear detonations are made from scaled experiments. Measurement uncertainties in
simulations using chemical explosives can often translate into larger uncertainties for the actual case.
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Figure 20.1-6. Typical Pressure-Time Curve for an Explosive Blast Wave (Source: Reference 1)

CITED REFERENCE

1. G.F. Kinney and K.J. Graham, Explosive Shocks in Air, Springer-Verlag, New York, 1985.
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DATA SHEET 20.1. DYNAMIC PRESSURE GAUGE

Developing Critical
Technology Parameter

Gauges or measurement techniques, such as a Greg gauge or Snob gauge, that can
measure pressures with risetimes < 1 ms and duration < 5 sec and are specially
designed or adapted to measure stagnation and/or total pressure in a highly transient
dusty flow environment.

Factors that must be taken into account include dust velocity, density, particle size dis-
tribution, particle velocity < 1,000 m/sec, and density < 50 mg/cc. These parameters are
associated with a simulated nuclear weapon detonation over realistic ground surfaces.

Critical Materials

None identified.

Unique Test, Production,
Inspection Equipment

None identified.

Unique Software

None identified.

Major Commercial
Applications

None identified.

Affordability

Moderate.

BACKGROUND

Lowe-altitude nuclear detonations produce shock waves that have unique risetimes, overpressures, decay times
and undershoots related to the weapon yield and HOB. Figure 20.1-7 shows the typical pressure waveform produced
by a nuclear weapon. To harden structures adequately against nuclear pressure waveforms, the characteristics of the
shock wave have to be defined accurately. This consideration becomes especially important when predictions for the
nuclear detonations are made from scaled experiments. Measurement uncertainties in simulations using chemical
explosives can often translate into larger uncertainties for the actual case. For actual or simulated low-altitude
detonations, energetic dust particles are lofted from the ground. These particles interact with the pressure gauge.
This effect must be compensated for to deduce the real pressure produced by the detonation.
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Figure 20.1-7. Typical Pressure-Time Curve for an Explosive Blast Wave (Source: Reference 1)

CITED REFERENCE

1. G.F. Kinney and K.J. Graham, Explosive Shocks in Air, Springer-Verlag, New York, 1985.
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DATA SHEET 20.1. MINIATURIZED GAUGES

Developing Critical
Technology Parameter

Miniaturized gauges having sensing elements properly sized and specially designed for
measuring transient (i.e., not steady-state that a wind tunnel might produce) simulated
nuclear environments or structural response tests at 1/20th (full-scale environment
= 1 kt yield) scale or smaller. For example, an airblast gauge with a 10-cm diameter
sensing element (typically closer to 1 cm), which might provide adequate resolution for
a full-scale test, would require a diameter of 1 mm to have adequate resolution for a
1/100th scale test.

Critical Materials

None identified.

Unique Test, Production,
Inspection Equipment

None identified.

Unique Software

None identified.

Major Commercial
Applications

Pressure measurements in small places.

Affordability

Modest.

BACKGROUND

Lowe-altitude nuclear detonations produce shock waves that have unique risetimes, overpressures, decay times
and undershoots related to the weapon yield and HOB. Figure 20.1-8 shows the typical pressure waveform produced
by a nuclear weapon. To harden structures adequately against nuclear pressure waveforms, the characteristics of the
shock wave have to be defined accurately. This consideration becomes especially important when predictions for the
nuclear detonations are made from scaled experiments. Measurement uncertainties in simulations using chemical
explosives can often translate into larger uncertainties for the actual case. To measure pressure in a scaled
experiment accurately, specially designed miniaturized gauges are required.
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Figure 20.1-8. Typical Pressure-Time Curve for an Explosive Blast Wave (Source: Reference 1)

CITED REFERENCE

1. G.F. Kinney and K.J. Graham, Explosive Shocks in Air, Springer-Verlag, New York, 1985.
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DATA SHEET 20.1. SHOCK TUBES

Developing Critical Shock tubes or other devices specially designed or modified to simulate the nonideal
Technology Parameter nuclear airblast environment. In particular, they must be capable of simulating a “pre-
cursed front” or “decursed front” that would be produced by detonating a nuclear
weapon over a real ground surface such as dust, snow, ice, vegetation, and so forth.

Critical Materials None identified.

Unique Test, Production, | None identified.
Inspection Equipment

Unique Software None identified.

Major Commercial None identified.

Applications

Affordability Moderate.
BACKGROUND

Shock tubes are used to simulate two variants of normal shock waves, each of which is unique to the nuclear
environment. One variant is a shock wave that carries a high density of entrained dust particles, resulting in a major
deviation from mathematically ideal shocks and their pressure loading on targets. Such dust-loaded shock waves are
unknown in other environments and are not used outside of nuclear weapons effects testing. A second variant is a
nuclear weapon that emits significant amounts of thermal energy. When incident on some terrain, this energy can
preheat the air immediately above the ground before airblast arrival.

Shock waves travel faster in heated air and more slowly in the cooler layers above it. The normal, nearly verti-
cal shock front of the Mach Stem arrives more quickly than predicted for ambient conditions and with a slowly
rising pressure pulse rather than the step-function of the classical shock. These are called “precursed shocks” or
“decursed shocks” depending on whether the shock at the surface leads or (under some surface conditions) lags the
free-air shock. Such thermal layers of differing sound velocity are frequently simulated in shock tubes and in high-
explosive field tests by using bags filled with helium or other gases. Only the intense thermal radiation from a
nuclear weapon is capable of producing this phenomenon naturally. Artificially created analogous environments
using shock tubes can be used to applicable to simulate precursed or decursed shock waves.
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DATA SHEET 20.1. DUST LOFTING

Developing Critical This technology is concerned with predicting the distortions in the surfaces caused by
Technology Parameter dust and debris in clouds produced by nuclear weapons. This issue is distinguished
from naturally occurring dust because of the severity level and because of the signifi-
cant difference in the size distribution of the dust and debris.

Critical Materials None identified.

Unique Test, Production, | None identified.
Inspection Equipment

Unique Software Mathematical models, algorithms, and related computer codes that predict cloud rise
following a nuclear detonation. These codes include determining the particulate size,
altitude, mass loading, and radioactivity as a function of weapon yield, HOB, and soil
parameters. Of particular interest are those codes that have been validated against
experimental data.

Mathematical models, algorithms, and related computer codes that predict the
degradation of the signal-to-noise ratio (SNR) of optical and infrared (IR) sensors to an
accuracy < 3 dB because of dust and debris interactions with optical surfaces.

Major Commercial Effect of dust and debris clouds caused by volcanic eruptions.
Applications
Affordability Modest.

BACKGROUND

Dust and debris lofting has been observed in nuclear airblasts that are close to the ground. The principal factors
that determine the properties of the cloud are the weapon yield, HOB, and soil properties. When a nuclear weapon is
detonated at a low altitude, the air is heated to very high temperatures, and significant levels of atmospheric turbu-
lence are generated. Significant updrafts are developed, and these updrafts are capped with the familiar mushroom
shape that is associated with low-altitude atmospheric detonations. The nuclear-generated shock wave forces ground
matter into the upward air stream. This is the source of the dust and debris.

Once in the cloud, these particles are dragged upward by the air stream. The heavier particles tend to fall back
to earth and the lighter ones are dragged to higher levels. At the upper regions of the cloud, the particles are churned
by turbulence. The vigorous turbulence causes the lofted particles to hit each other occasionally. In some of these
collisions, the particles stick together and produce a larger particle. This latter process is called coagulation.

There are theories that predict the size distribution of particles that are sucked into the cloud initially. Because
different-size particles fall to the earth at different rates, are tossed around by turbulence differently, and
occasionally coagulate, predicting the size and concentration as a function of position within the cloud after the
upward draft and turbulence diminish is a complicated matter.

After cloud stabilization occurs, atmospheric transport occurs, bringing these particles into contact with
aircraft. This contact occurs downwind.

Much theory is connected with atmospheric transport of nuclear dust and debris. Because of the large
uncertainties connected with the shock-ground interaction and the description of turbulence within the cloud,
prediction is best achieved when theoretical models are supplemented by experimental data.
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DATA SHEET 20.1. GROUND-SHOCK PREDICTION

Developing Critical This technology is concerned with the effects of ground shock on surface-flush,
Technology Parameter shallow-buried, and deeply buried structures. The lower level of interest is a peak over-
pressure of 0.1 MPa for surface-flush and shallow-buried structures that extend from
the surface to several meters below the surface.

Surface-flush structures are typically missile silos. Shallow-buried structures are typi-
cally used for C3, personnel protection, and missile launch control. The environments of
primary interest for each are consistent with peak overpressures from approximately
1 MPa to an upper limit of perhaps 1 GPa. For deeply buried structures, the environ-
ments of primary interest are from about 25 MPa to the nuclear weapon source.

Critical Materials None identified.

Unique Test, Production, | None identified.
Inspection Equipment

Unique Software Computer codes and related algorithms that have been validated against experiments
and predict any of the following: airblast, ground shock, loads on flush-mounted,
shallow-buried, or deeply buried structures that may include the effect of nonideal

terrain.
Major Commercial Earthquake protection; mining engineering; planetary science.
Applications
Affordability Inexpensive.
BACKGROUND

The three dominant components of ground shock are airblast-induced ground shock, direct-induced ground
shock, and crater-related ground motion.

The airblast-induced ground shock, also called “air slap,” is the shock wave that is transmitted into the ground
when an airblast is reflected at the earth’s surface. The direct-induced ground shock is produced principally by the
KE of the weapon debris that forcefully strikes the earth. This results in a radially diverging shock wave resulting
from the coupling of this energy to the surrounding ground. The crater-related ground shock is caused by the direct
interaction of weapon debris and thermal radiation with the ground and relates to the growth of the crater. It
develops more slowly than the direct-induced ground shock. The direct-induced and crater-related ground shocks are
most effective when the burst is near the ground. Ground shock can penetrate to great depths and ranges and is
capable of inflicting considerable damage to surface-flush, shallow-buried, and deeply buried structures.

Each of the ground shock components (airblast-induced ground shock, direct-induced ground shock, and
crater-related ground shock) has a distinct pressure-time history, and their effects on a specific structure will be
different.
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DATA SHEET 20.1. NUCLEAR GROUND-SHOCK SIMULATOR

Developing Critical This technology is concerned with the effects of ground shock on surface-flush,
Technology Parameter shallow-buried, and deeply buried structures. The lower level of interest is a peak over-
pressure of 0.1 MPa for surface-flush and shallow-buried structures that extend from
the surface to several meters below the surface.

Surface-flush structures are typically missile silos. Shallow-buried structures are
typically used for C3, personnel protection, and missile launch control. The environ-
ments of primary interest for each are consistent with peak overpressures from
approximately 1 MPa to an upper limit of perhaps 1 GPa. For deeply buried structures,
the environments of primary interest are from about 25 MPa to the nuclear weapon
source.

Critical Materials Explosives or explosives mixed with inert materials (dilute explosives) specially
designed for nuclear weapons simulation. All-weather materials that can protect RVs,
launch vehicles, and aircraft against dust.

Unique Test, Production, | Instruments for measuring the effects resulting from stresses = 10 MPa and gauges
Inspection Equipment that measure stresses and strains in underground detonations.

Unique Software Computer codes and related algorithms that support the development and use of
nuclear ground-shock simulators. These codes and algorithms are required to predict
any of the following: airblast, ground shock, and loads on flush-mounted, shallow-
buried, or deeply buried structures that may include the effect of nonideal terrain.

Major Commercial Earthquake simulation; mining engineering.
Applications
Affordability Moderately expensive.

BACKGROUND

The three dominant components of ground shock are airblast-induced ground shock, direct-induced ground
shock, and crater-related ground motion.

The airblast-induced ground shock, also called “air slap,” is the shock wave that is transmitted into the ground
when an airblast is reflected at the earth’s surface. The direct-induced ground shock is produced principally by the
KE of the weapon debris that forcefully strikes the earth. This results in a radially diverging shock wave resulting
from the coupling of this energy to the surrounding ground. The crater-related ground shock is caused by the direct
interaction of weapon debris and thermal radiation with the ground and relates to the growth of the crater. It
develops more slowly than the direct-induced ground shock. The direct-induced and crater-related ground shocks are
most effective when the burst is near the ground. Ground shock can penetrate to great depths and ranges and is
capable of inflicting considerable damage to surface-flush, shallow-buried, and deeply buried structures.

Each of the ground shock components (airblast-induced ground shock, direct-induced ground shock, and
crater-related ground shock) has a distinct pressure-time history, and their effects on a specific structure will be
different.
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DATA SHEET 20.1. GROUND-SHOCK STRUCTURE SURVIVABILITY

Developing Critical
Technology Parameter

Structures that can maintain their integrity when exposed to peak stresses of 25 to
500 MPa. This can be achieved by innovative uses of materials and designs.

Techniques used to enhance structure survivability include shock-isolation techniques
and related special materials; exotic high-strength concrete used for hardening silos;
special ablative materials that can be used at the top of silos; and special foams,
mechanical active isolators, and special reinforcing schemes using steel fibers.

Critical Materials Specially designed materials and test data to increase the survivability of structures
(including subassemblies, components, or parts) and their contents in nuclear ground-

shock/motion environments.

Unique Test, Production, | None identified.

Inspection Equipment

Unique Software None identified.

Technical Issues Developing novel methods that enhance structure survivability. These include shock-
isolation techniques and related special materials; exotic high-strength concrete used
for hardening silos; special ablative materials that can be used at the top of silos; and
special foams, mechanical active isolators, and special reinforcing schemes using steel

fibers.

Major Commercial Commercial structures.

Applications

Affordability Modest. Probably not much more expensive than standard practices for nonnuclear

buildings.

BACKGROUND

The three dominant components of ground shock are airblast-induced ground shock, direct-induced ground
shock, and crater-related ground motion.

The airblast-induced ground shock, also called “air slap,” is the shock wave that is transmitted into the ground
when an airblast is reflected at the earth’s surface. The direct-induced ground shock is produced principally by the
KE of the weapon debris that forcefully strikes the earth. This results in a radially diverging shock wave resulting
from the coupling of this energy to the surrounding ground. The crater-related ground shock is caused by the direct
interaction of weapon debris and thermal radiation with the ground and relates to the growth of the crater. It
develops more slowly than the direct-induced ground shock. The direct-induced and crater-related ground shocks are
most effective when the burst is near the ground. Ground shock can penetrate to great depths and ranges and is
capable of inflicting considerable damage to surface-flush, shallow-buried, and deeply buried structures.

Each of the ground shock components (airblast-induced ground shock, direct-induced ground shock, and
crater-related ground shock) has a distinct pressure-time history, and their effects on a specific structure will be
different.
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DATA SHEET 20.1. DISPOSABLE GROUND-SHOCK SIMULATION

Developing Critical The critical technology parameter is to develop one-time simulation techniques that can
Technology Parameter develop ground-shock environments = 50 MPa. This requires that about 100 tons
equivalent yield of TNT be coupled to the ground and provides the capability for evalu-
ating structural effects for large systems.

Full positive-phase ground shock/motions in rocks without degradation of the environ-
ment because of edge (relief) effects from the boundaries of the simulator.

Critical Materials Explosives or explosives mixed with inert materials (dilute explosives) specially
designed for nuclear weapons simulation.

Unique Test, Production, | None identified.
Inspection Equipment

Unique Software None identified.

Major Commercial Mining technology.

Applications

Affordability Moderate to very expensive.
BACKGROUND

The three dominant components of ground shock are airblast-induced ground shock, direct-induced ground
shock, and crater-related ground motion.

The airblast-induced ground shock, also called “air slap,” is the shock wave that is transmitted into the ground
when an airblast is reflected at the earth’s surface. The direct-induced ground shock is produced principally by the
KE of the weapon debris that forcefully strikes the earth. This results in a radially diverging shock wave resulting
from the coupling of this energy to the surrounding ground. The crater-related ground shock is caused by the direct
interaction of weapon debris and thermal radiation with the ground and relates to the growth of the crater. It
develops more slowly than the direct-induced ground shock. The direct-induced and crater-related ground shocks are
most effective when the burst is near the ground. Ground shock can penetrate to great depths and ranges and is
capable of inflicting considerable damage to surface-flush, shallow-buried, and deeply buried structures.

Each of the ground shock components (airblast-induced ground shock, direct-induced ground shock, and
crater-related ground shock) has a distinct pressure-time history, and their effects on a specific structure will be
different.
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DATA SHEET 20.1. GAUGE INSTALLATION

Developing Critical
Technology Parameter

The critical technology is to reduce or eliminate the effects of the hole used for gauge
installation when measuring stress in rock or cemented soils. The specific value of the
parameter is not precisely defined since it depends on the application. For some appli-
cations, gauge installation must provide < 10-percent uncertainty in pressure and flow
measurements beyond the hydrodynamic region (i.e., the region where the shear
strength of the material is significant) and implement procedures for processing the
data to correct for gauge inclusion effects, using specially designed rock-matching grout
mixes or other gauge emplacement material.

Critical Materials

Specially designed rock-matching grout mixes or other gauge emplacement material.

Unique Test, Production,
Inspection Equipment

None identified.

Unique Software

None identified.

Major Commercial
Applications

Locations where accurate gauge installations are required.

Affordability

Relatively inexpensive.

BACKGROUND

This technology is common in general terms to most measurement systems. The fundamental idea is to ensure
that inserting the measuring device does not alter the measurement itself. Gauge insertion technology is especially
important for the nuclear case because the material surrounding the gauge may be stressed beyond its shear strength.
This requires special techniques for processing the data to correct for gauge inclusion.
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DATA SHEET 20.1. BLAST CHAMBERS

Developing Critical
Technology Parameter

Blast chambers, explosively driven flyer plates, flash lamps, and so forth or other
devices designed or specially designed to simulate the airblast, ground shock, or
thermal environment predicted at a range from the nuclear weapon detonation equiva-
lent to 50 MPa or to calibrate instrumentation packages dynamically (i.e., gauge,
mount, placement method) in this regime in the media (rock or soil type) of interest.

The main issue is that the more advanced versions of blast chambers, explosively
driven flyer plates, and so forth developed since 1980 can simulate nuclear environ-
ments with pressures exceeding 50 MPa. This technology is unique to nuclear detona-
tions and has no commercial application.

Critical Materials

High explosives.

Unique Test, Production,
Inspection Equipment

None identified.

Unique Software

None identified.

Major Commercial
Applications

None identified.

Affordability

Expensive.

BACKGROUND

This technology is necessary for determining the survivability and hardness of surface-flush structures, shallow-
buried structures, and deeply buried structures against the ground shock produced by a surface nuclear detonation.
Simulation of ground shock using blast chambers provides a means of developing techniques that can harden
surface-flush structures, shallow-buried structures, and deeply buried structures against a nuclear surface burst.
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DATA SHEET 20.1. PARTICLE VELOCITY GAUGES

Developing Critical
Technology Parameter

Particle velocity gauges, mounting hardware, signal conditioning, and other associated
hardware, based on mutual inductance (current induced on a conductor moving in a
magnetic field) capable of measuring particle velocities associated with peak soil/rock
stresses > 100 MPa resulting from a simulated nuclear-weapon detonation.

Critical Materials

None identified.

Unique Test, Production,
Inspection Equipment

None identified.

Unique Software

None identified.

Major Commercial
Applications

None identified.

Affordability

Moderate to expensive.

BACKGROUND

This technology is concerned with assessing the survivability and hardness of surface-flush structures, shallow-
buried structures, and deeply buried structures by simulation using aboveground high explosives or an underground

nuclear detonation.
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DATA SHEET 20.1. UNDERGROUND TEST (UGT) ENVIRONMENT GAUGES

Developing Critical
Technology Parameter

Gauges specially designed to determine the environments that an underground nuclear
detonation produces by directly measuring any of the following effects: shear stress or
shear and normal stresses between a structure and the surrounding media and dis-
placement, strain, or pore water pressure of geological materials.

Critical Materials

None identified.

Unique Test, Production,
Inspection Equipment

None identified.

Unique Software

None identified.

Major Commercial
Applications

None identified.

Affordability

Expensive.

BACKGROUND

This technology is concerned with assessing the survivability and hardness of surface-flush structures, shallow-
buried structures, and deeply buried structures by simulation using aboveground high explosives or an underground

nuclear detonation.
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DATA SHEET 20.1. UNDERWATER NUCLEAR SHOCK PREDICTION

Developing Critical Overpressures > 100 psi and having impulse sufficient to degrade the operational capa-
Technology Parameter bility of sea-based assets resulting from an underwater nuclear detonation.
Critical Materials None identified.

Unique Test, Production, | None identified.
Inspection Equipment

Unique Software Validated computer codes and algorithms that predict overpressure and impulse on
surface ships and submarines caused by nuclear-produced underwater detonations out
to ranges where the pressures fall to 100 psi.

Major Commercial None identified.

Applications

Affordability Inexpensive.
BACKGROUND

An underwater nuclear explosion releases large amounts of thermal energy and nuclear radiation that are
absorbed within a few feet of the explosion. This intense energy deposition creates a hot gas bubble that is formed
by the vaporization of the water and expands rapidly. A shock wave similar to that created by a nuclear explosion in
air is formed. Because the shock-wave generation is similar in both cases, scaling relationships, which play a large
role in understanding and simulating an airburst, are also relevant for simulating underwater explosions.

A considerable amount of basic scientific information addresses underwater nuclear explosions and the
development of computer codes to handle these problems in stratified media.
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DATA SHEET 20.1. UNDERWATER NUCLEAR SHOCK SIMULATION

Developing Critical Overpressures > 100 psi and having impulse sufficient to degrade the operational capa-
Technology Parameter bility of sea-based assets resulting from an underwater nuclear detonation.
Critical Materials Conventional high-explosive charges engineered to simulate underwater nuclear

detonations [e.g., tapered charges (long, slender charges consisting of a series of
truncated cones of various angles and diameters)] dilute explosives, line charges, and
sheet charges to simulate various nuclear pressure-time profiles using data taken from
actual tests.

Unique Test, Production, | None identified.
Inspection Equipment

Unique Software Validated computer codes and algorithms that predict overpressure and impulse on
surface ships and submarines caused by nuclear-produced underwater detonations out
to ranges where the pressures fall to 100 psi.

Major Commercial None identified.

Applications

Affordability Moderately expensive.
BACKGROUND

An underwater nuclear explosion releases large amounts of thermal energy and nuclear radiation that are
absorbed within a few feet of the explosion. This intense energy deposition creates a hot gas bubble that is formed
by the vaporization of the water and expands rapidly. A shock wave similar to that created by a nuclear explosion in
air is formed. Because the shock-wave generation is similar in both cases, scaling relationships, which play a large
role in understanding and simulating an airburst, are also relevant for simulating underwater explosions.

The amount of hydrostatic pre-load greatly affects the structural response of submarines to underwater shock.
The depths of inland test facilities can allow testing only to a small fraction of the operating depths of modern sub-
marines. Testing at deep depths typically involves open-ocean test operations, with extensive costs for personnel,
rigging, and test resources (i.e., test ships), and requires consideration of environmental concerns. Inducing a hydro-
static pre-load in the vicinity of structural models without significantly altering the desired loading function allows
simplified and cost-effective testing at inland test sites.

Using large high-explosive charges to simulate nuclear effects is not always feasible for two reasons. First, the
pressure in the shock wave from the large high-explosive charge still decays far more rapidly than typical nuclear
yields of interest. As such, it may not fully “envelop” large structures such as ships and submarines. This alters the
damage conditions expected of nuclear environments. Second, the use of large high-explosive charges is restricted
environmentally. Inland test facilities are not large enough to use large high-explosive charges, and at-sea tests are
becoming prohibitively expensive and are restricted environmentally. These conditions are often true even for small-
scale model tests. Capabilities to simulate nuclear shock environments with low yields of high explosives alleviate
these problems.
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DATA SHEET 20.1. SHAPED CHARGES

Developing Critical Conventional high-explosive charges engineered to simulate underwater nuclear deto-
Technology Parameter nations [e.g., tapered charges (long, slender charges consisting of a series of truncated
cones of various angles and diameters)] dilute explosives, line charges, and sheet
charges to simulate various nuclear pressure-time profiles using data taken from actual
tests.

Critical Materials Dilute explosives.

Unique Test, Production, | None identified.
Inspection Equipment

Unique Software None identified.

Major Commercial Excavation.

Applications

Affordability Moderate.
BACKGROUND

Since the 1963 atmospheric test ban, no underwater nuclear tests have been performed. Using large high-
explosive charges to simulate nuclear effects is not always feasible for two reasons. First, the pressure in the shock
wave from the large high-explosive charge still decays far more rapidly than typical nuclear yields of interest. As
such, it may not fully “envelop” large structures such as ships and submarines. This alters the damage conditions
expected of nuclear environments. Second, the use of large high-explosive charges is restricted environmentally.
Inland test facilities are not large enough to use large high-explosive charges, and at-sea tests are becoming prohibi-
tively expensive and are restricted environmentally. These conditions are often true even for small-scale model tests.
Capabilities to simulate nuclear shock environments with low yields of high explosives alleviate these problems.
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DATA SHEET 20.1. STRUCTURAL COATING

Developing Critical Structural coatings of synthetic and/or composite materials used to harden the external
Technology Parameter surface of ships and submarines against the shock wave produced by an underwater
nuclear detonation.

Critical Materials Synthetic and/or composite materials used to harden surfaces against shock waves.

Unique Test, Production, | None identified.
Inspection Equipment

Unique Software None identified.

Major Commercial Commercial vessels that are subject to impact.

Applications

Affordability Wide range: moderate to expensive.
BACKGROUND

Thick coatings are already applied to modern submarines to reduce acoustic signatures. Currently, little is
understood about the effect of these coatings on shock wave loading. These coatings possibly could be optimized for
acoustic performance and shock protection. A shock-mitigating coating could lower accelerations into sensitive
internal equipment and allow for increased overall survivability of the submarine or, perhaps, contribute to reduced
costs in “hardening” the equipment against underwater shock.
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DATA SHEET 20.1. SHOCK ISOLATION

Developing Critical
Technology Parameter

Shock-isolation systems that are used to harden ships and submarines against the
shock wave produced by an underwater nuclear detonation and that have been
developed using simulated underwater nuclear detonations.

Critical Materials

Materials that absorb shock and can be integrated into the internal structure of vessels.

Unique Test, Production,
Inspection Equipment

None identified.

Unique Software

Mathematical models, algorithms, and related computer codes that predict shock waves
on complex internal structures.

Major Commercial
Applications

Commercial vessels that are subject to impact.

Affordability

Wide range: moderate to expensive.

BACKGROUND

Modern combat ships and submarines undergo an extensive process to “harden” all critical equipment against
conventional and nuclear shock. This equipment must satisfy stringent testing requirements to qualify for shipboard
use. However, this testing for conventional and nuclear programs results in specialized military specification (MIL-
SPEC) equipment designs that are expensive and often do not include state-of-the-art technology improvements.

Developing and using advanced shock-mitigating systems for internal equipment would facilitate the
hardening of critical equipment, perhaps even allowing the use of commercial off-the-shelf (COTS) equipment on
combat vessels. The ships could quickly accommodate new hardware (i.e., electronics that undergo rapid advances

in technology).

In the event that current survivability standards need to be increased in the future, a combination of equipment
hardening and advanced shock-mitigating concepts would be required. By implementing these procedures now, the
potential future cost savings would be significant.
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DATA SHEET 20.1. THERMOMECHANICAL SHOCK (TMS) PREDICTION

Developing Critical
Technology Parameter

Generate time history (1- to 100-ns pulse duration) of soft-X-ray-induced shock wave
on space platforms.

Critical Materials

None identified.

Unique Test, Production,
Inspection Equipment

None identified.

Unique Software

Computer codes that predict the time development of TMS on space systems caused
by X-rays from a high-altitude nuclear detonation. These codes model the time and
space incident X-ray deposition, subsequent material phase change, shock generation
and propagation, lateral stress development, spallation, and structural deformation and
fracturing as a function of time.

Major Commercial
Applications

None identified.

Affordability

Expensive.

BACKGROUND

A nuclear detonation produces copious amounts of X-rays. For a high-altitude nuclear detonation, the X-rays
travel from the location of the detonation to the space platform with minimal attenuation because the air density at
high altitudes is very low. These X-rays strike the surface and are absorbed in a thin layer. The impulse created by
this effect generates a shock wave that travels through the space platform and causes physical damage to the
structure. Predicting this phenomenon is unique and requires the integration of specific dynamic models for X-ray
energy deposition, material phase change, shock generation and propagation, lateral stress development, spallation,
and structural deformation and fracturing.
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DATA SHEET 20.1. THERMOMECHANICAL SHOCK (TMS) SIMULATOR

Developing Critical Generate time history (1- to 100-ns pulse duration) of soft-X-ray-induced shock wave
Technology Parameter on space platforms.
Critical Materials None identified.

Unique Test, Production, | Optical measuring systems that exhibit < 10 mm per meter change in lateral or longitu-
Inspection Equipment dinal dimensions when exposed to levels of X-ray-generated pressures and impulses
necessary to degrade the operational effectiveness of space assets.

Ll P S None identified.

Major Commercial None identified.

Applications

Affordability Very expensive.
BACKGROUND

A nuclear detonation produces copious amounts of X-rays. For a high-altitude nuclear detonation, the X-rays
travel from the location of the detonation to the space platform with minimal attenuation because the air density at
high altitudes is very low. These X-rays strike the surface and are absorbed in a thin layer. The impulse created by
this effect generates a shock wave that travels through the space platform and causes physical damage to the
structure.

Our systems have to be hardened against the high-altitude X-ray threat. Simulating the TMS using an X-ray
source provides a key element in designing structures that can withstand the nuclear X-ray threat.
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DATA SHEET 20.1. X-RAY EFFECTS REDUCTION

Developing Critical Manufacturing methods for fabricating structures that exhibit < 1 mm per meter change
Technology Parameter in longitudinal dimension when exposed to X-ray fluences and related spectra charac-
teristics of a nuclear detonation.

Critical Materials None identified.

Unique Test, Production, | None identified.
Inspection Equipment

Unique Software None identified.

Major Commercial None identified.

Applications

Affordability Expensive.
BACKGROUND

A nuclear detonation produces copious amounts of X-rays. For a high-altitude nuclear detonation, the X-rays
travel from the location of the detonation to the space platform with minimal attenuation because the air density at
high altitudes is very low. These X-rays strike the surface and are absorbed in a thin layer. The impulse created by
this effect generates a shock wave that travels through the space platform and causes physical damage to the
structure.

Our systems have to be hardened against the high-altitude X-ray threat. Manufacturing methods used to
construct materials that are resistant to thermal expansion are important in developing systems that can survive the
X-ray threat.
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DATA SHEET 20.1. SHOCK-WAVE MEASUREMENT

Developing Critical Test equipment for measuring the shock-wave characteristics of materials and
Technology Parameter structures when exposed to X-ray fluences and spectra characteristics of a nuclear
detonation. This requires an X-ray simulator and specially designed instrumentation
capable of making fast transient measurements of parameters such as pressure,
temperature, stress, velocity, density, and phase state.

Critical Materials None identified.

Unique Test, Production, | None identified.
Inspection Equipment

Unique Software None identified.

Major Commercial None identified.

Applications

Affordability Moderate.
BACKGROUND

A nuclear detonation produces copious amounts of X-rays. For a high-altitude nuclear detonation, the X-rays
travel from the location of the detonation to the space platform with minimal attenuation because the air density at
high altitudes is very low. These X-rays strike the surface and are absorbed in a thin layer. The impulse created by
this effect generates a shock wave that travels through the space platform and causes physical damage to the
structure.

Our systems have to be hardened against the high-altitude X-ray threat. This is accomplished via nuclear
underground testing or testing of systems in an X-ray simulator. Measuring the X-ray-induced shock wave in these
facilities provides a key element in designing structures that can withstand the nuclear X-ray threat.
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DATA SHEET 20.1. COMPOSITE MATERIALS

Developing Critical The key materials technology relates to composite materials that are lightweight and
Technology Parameter strong and, combined with their resistance to X-rays, are appropriate for aerospace
systems. These materials should have minimal displacement and distortion when
exposed to large X-ray flux from a nuclear weapon and should resist spallation at the
surface. Any level of increased resistance to distortion by X-rays is valuable.

Critical Materials Lightweight and strong materials that resist distortion caused by heating by X-rays.

Unique Test, Production, | None identified.
Inspection Equipment

Unique Software None identified.
Major Commercial Applications that require minimal distortion during heating.
Applications
Affordability Very expensive.
BACKGROUND

A nuclear detonation produces copious amounts of X-rays. For a high-altitude nuclear detonation, the X-rays
travel from the location of the detonation to the space platform with minimal attenuation because the air density at
high altitudes is very low. These X-rays strike the surface and are absorbed in a thin layer. The impulse created by
this effect generates a shock wave that travels through the space platform and causes physical damage to the
structure. These effects can be mitigated by the choice of materials that absorb the X-rays.
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DATA SHEET 20.1. MATERIAL RESPONSE TO PARTICLES

Developing Critical
Technology Parameter

This technology refers to the degradation of optical and IR systems because of
distortions in the surfaces produced by particles of a nuclear cloud.

Mitigating the effects of hypervelocity impact of particles with velocities > 1 km/sec to
objects that are of military significance. This includes ablation and erosion studies for
windscreens, cruise missile engines, aircraft engines, and so forth. The environments
refer to those generated by a nuclear detonation and not by other means. The software
evaluates the response of military systems to this environment and has no commercial
application.

Codes and algorithms for predicting the degradation of the SNR of optical and IR
sensors to < 3 dB because of the effect of nuclear cloud.

Critical Materials

None identified.

Unique Test, Production,
Inspection Equipment

None identified.

Unique Software

Codes and algorithms for simulating nuclear detonations that can predict the material
response of materials to impacting solid and/or liquid particles with impact velocities
> 1 km/sec and that include the following features: smoke, soot, and debris from
industrial plants and urban environments.

Codes and algorithms that predict the degradation of optical and IR systems because of
distortions in the surfaces produced by particles of a nuclear cloud. The unique feature
of these codes is their use of dust particle sizes that pertain to a nuclear cloud (as
distinguished from naturally occurring dust) and the use of related experimental data.

Major Commercial
Applications

Protection of windows and engines on aircraft, and optical and IR sensors that must
operate in windy and dusty environments.

Affordability

Expensive.

BACKGROUND

Figure 20.1-9 shows the generation of a nuclear dust cloud. This cloud consists of the dust lofted in the
characteristic mushroom formation because of the direct interaction of the airblast with the ground and of the dust
swept up off the ground surface by the airblast. Both components of dust are transported downwind by the ambient

atmospheric winds.

AMBIENT WIND

C{ N 3}
DUST ENTRAINED
IN NUCLEAR CLOUD

MOST DUST
—= MOVES
DOWNWIND

LOFTED INTO
ATMOSPHERE

DUST SWEPT UP
BY AIRBLAST

CRATER

Figure 20.1-9. Generation of Nuclear Dust Cloud
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Because dust clouds cause aircraft windshields and engines to erode, they are an important consideration for
aircraft. Predicting the amount of dust lofted into the air through crater development and then swept into the air by
the winds associated with the airburst is an important challenge. For crater development, we must account for the
particle size distribution in the soil, the effects of turbulent coagulation in the rising vortices of the mushroom cloud,
condensation, and so forth.
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DATA SHEET 20.1. SPACECRAFT STRUCTURAL RESPONSE

Developing Critical
Technology Parameter

Codes and algorithms that have been compared with simulations of nuclear tests and
can predict the mechanical and structural response of missile/spacecraft structures
from weapon-generated X-rays.

Critical Materials

None identified.

Unique Test, Production,
Inspection Equipment

None identified.

Unique Software

These codes are unique to the nuclear survivability of space systems because they
model the initial X-ray deposition (energy and penetration depth as a function of time);
the subsequent material phase change, shock generation and propagation; lateral
stress development; spallation; and structural deformation and fracturing as a function
of time. The early-time response is generated by X-rays from a nuclear weapon.

Major Commercial
Applications

None identified.

Affordability

Expensive.

BACKGROUND

A nuclear detonation produces copious amounts of X-rays. For a high-altitude nuclear detonation, the X-rays
travel from the location of the detonation to the space platform with minimal attenuation because the air density at
high altitudes is very low. These X-rays strike the surface and are absorbed in a thin layer. The impulse created by
this effect generates a shock wave that travels through the spac